Sesame protein (SP) is a new renewable resource for wood adhesives because of its brilliant performance, which is non-toxic and harmless to human health during the process of using plywood. This study was focused on the application of sesame protein to produce wood adhesive via urea and zinc oxide (ZnO) modification. The pH value, solid content, apparent viscosity, bonding strength, infrared spectra, thermal stability, and fracture surface of urea-modified sesame protein adhesives in the absence of ZnO (USP) and in the presence of ZnO (ZUSP) were investigated in detail. The results suggested that the pH value and solid content of the ZUSP adhesives increased, whereas the apparent viscosity of the ZUSP adhesives showed an increasing trend when ZnO was introduced. The wet shear strength of the ZUSP adhesives improved remarkably, which achieved the required value for interior use ($0.70 MPa), which was in accordance with the China National Standard. The infrared spectra (FTIR) indicated that the chelation reaction occurred between the USP adhesive and ZnO that improved the water resistance. The thermal stability of the ZUSP adhesives was better than that of the USP adhesive, as confirmed by the thermogravimetric analysis (TGA). After ZnO was introduced, the fracture surface of the ZUSP adhesives became more compact as compared to that of the USP adhesive, as confirmed by scanning electron microscopy. The ZUSP adhesive is a favorable potential candidate as a green-adhesive for the plywood industry, which will promote the utilization of sesame protein.
Introduction
Wood adhesives play a predominant role in the practical production of plywood. Currently, formaldehyde-based adhesives such as urea-(UF), phenol-(PF), and melamineformaldehyde (MF) resins play a prominent part in the wood adhesives industry.
1 These resins have huge advantages such as low price and viscosity, high bonding strength, and great water resistance, which are in fundamental demand for wood adhesives;
2 however, problems, such as lack of renewability and formaldehyde emission, which are harmful to the environment and human health, associated with these resins have attracted serious concern from researchers. Therefore, these issues have generated an urgent requirement of new renewable and environmentally friendly adhesives for wood.
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Plant protein-based adhesives are renewable, substantial and low-cost, and this kind of wood adhesives have received increasing attention by researchers to replace the formaldehyde-based adhesives. Many researchers have investigated plant protein-based adhesives such as soy protein-based adhesive, peanut protein-based adhesive, and cotton protein-based adhesive. [5] [6] [7] [8] [9] [10] [11] However, the low-water resistance and solid content of the plant protein-based adhesives have limited their application in the wood adhesive industry. 12 It is essential to improve water resistance of plant protein-based adhesives to expand their application. Many chemical methods have been used to modify plant protein-based adhesives to enhance the water resistance, which can be classied into three categories: denaturing agent modication, protein molecular modica-tion, and protein and resin blend modication.
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Currently, China has the largest global sesame production industry in the world. Sesame meal is a by-product of the extraction of sesame oil in sesame seeds, which is primarily used as a livestock feed and fertilizer, but this does not take full advantage of the sesame protein. Therefore, the issue of sesame protein utilization has received attention from researchers. The proteins in sesame seeds are mainly composed of globulins (67.3%), albumins (8.6%), glutelins (6.9%), and prolamins (1.4%). 20 Many chemical reactions can take place in the functional groups, such as carboxyl (-COOH), hydroxyl (-OH), amino (-NH 2 ), and thiol (-SH) groups, of the sesame protein. Therefore, sesame protein can be easily modied to change the physical properties of sesame protein-based adhesives.
Urea has been used in many elds because of its peculiar properties, which acts as a structure breaker and maker for many proteins (both brous and globular), micellar aggregated systems consisting of many synthetic tanning (syntans), and vegetable materials, surfactants, polymers, peptides, and emulsions, and its properties depend on many conditions such as temperature and nature of the added substrates. [21] [22] [23] [24] [25] For plant protein adhesives, urea was widely used as a denaturing agent for modied protein because of its useful properties, which could break the structure of sesame protein and expose the inner functional groups such as -NH 2 , -COOH, and -OH. 26 However, it was difficult for the plant protein-based adhesive modied by only this method to meet the requirement of interior use of plywood, and it could not achieve high water resistance. The bivalent metals easily form coordinated bonds, which are features of chelates. The coordinated bond, also called a complex bond, is composed of a metal and a ligand aligned in a way that the available electrons from the coordination atoms are in close proximity to those from the metal.
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Zinc oxide (ZnO) could be used to react with -NH 2 of sesame protein by chelation, which could remarkably enhance the properties, such as bonding strength and water resistance, of an adhesive. Therefore, urea and zinc oxide modication could be an impactful way to prepare a sesame protein-based adhesive.
The objective of this research was to expand the utilization of sesame protein and improve the bonding strength and water resistance by modifying sesame protein with urea and zinc oxide. In this study, the physicochemical properties, including the solid content and pH value, surface structure of cured adhesives, functional groups, thermal stability, and rheological properties, of modied sesame protein-based adhesives were analyzed. Herein, a three-ply plywood was fabricated with a modied adhesive, and its dry shear strength and water resistance were tested.
Materials and methods

Materials
Dehulled sesame was purchased from Kangbo Huixin Oil Company (Henan, China), which was obtained by wet decortication from sesame seeds. Urea (Luoyang Reagent Company, Henan, China) and zinc oxide (ZnO, Xilong Chemical Industry Company, Fujian, China) were analytical-grade reagents. Poplar veneer (400 Â 400 Â 2.1 mm, 10% moisture content) was provided by the Zhengzhou Bio Biologic Materials Company (Henan, China).
2.2 Preparation of the sesame protein 2.2.1 Defatting of the dehulled sesame. Dehulled sesame was pressed by a hydraulic oil press at room temperature and milled into ours ($40 mesh). The dehulled sesame ours were defatted by petroleum ether via soxhlet extraction for 8 h at 50 C and dried in an oven for 2 h at 50 C. The defatted dehulled sesame ours were used for protein extraction.
Extraction of sesame protein.
Sesame protein was extracted using an alkali method. 28 The defatted dehulled sesame ours were dispersed in deionized water (ratio 1 : 20 w/v), the pH value was adjusted to 10 using 1 M NaOH, and stirring was carried out for 3 h at 50 C. The slurry was centrifuged at 4000 rpm for 10 min. The pH value of the supernatant was adjusted to 4.2 using 1 M HCl, and stirring was carried out for 5 min at 50 C. The suspension was preserved at 4 C for 20 min and then centrifuged at 4000 rpm for 10 min. The precipitates were obtained by washing twice with deionized water and adjusting the pH valur to 7.0 using 1 M NaOH and then freeze-dried. The sesame protein was milled into a powder using a ball mill. The composition of the sesame protein was analyzed according to the China National Standards (84.1% sesame protein, 3.5% moisture, 3.5% ash, 4.9% fat, 0.11% ber, 0.08% oxalic acid, and 2.8% polysaccharide).
Preparation of the sesame protein adhesive
For the sesame protein adhesives, sesame protein (10 g based on the mass of sesame protein) was added to the sesame protein adhesive, and the mixture was stirred for 220 min at 25 C to obtain a urea-modied sesame protein adhesive (USP) and ZnO-modied sesame protein adhesive containing urea (ZUSP) (4, 8, 12, 16 , and 20% ZUSP).
Solid content test
The solid content of the adhesive samples was tested by an oven-drying method. Approximately 3 g (weight b) of the adhesive was placed in an oven and dried at 105 C for several hours until a constant weight (weight a) was achieved. The solid content value was calculated by the following eqn (1) . Reported values are the average of the three parallels for each adhesive.
Solid content ð%Þ ¼ a ðgÞ b ðgÞ Â 100% (1)
pH test
The pH value of the adhesive was measured by a pH meter. The pH buffers (pH value 4.00, 6.86, and 9.18) were selected according to the pH of the adhesive sample. The pH of the adhesive was tested by the electrode aer calibration. The average pH value was calculated from three parallel samples.
Apparent viscosity test
The apparent viscosity of the adhesive samples was determined using a RS-6000 rheometer (Thermo Fisher scientic corporation, Waltham, MA) with a parallel plate xture (20 mm diameter). The distance between the cone and plate was set to 1 mm for all tests. The experiments were conducted under a steady shear ow at 25 C. The shear rates ranged from 0.01 to 100 s À1 in 10 s
À1
increments. An average of three parallels was recorded as the value of the apparent viscosity of a specimen.
Preparation of a three-ply plywood
Three-ply plywood samples were prepared under the following conditions: 240 g m À2 glue spreading for a single surface, 130 C hot pressing temperature, 1.3 MPa hot pressing pressure, and 10 min hot pressing time. The plywood samples were placed under ambient conditions for 12 h aer hot pressing.
Bonding strength test
The dry shear strength and the water resistance (wet shear strength, Type II plywood, $0.70 MPa) of the plywood were tested according to the China National Standard GB/T 9846. . Herein, twelve plywood specimens (100 Â 25 mm) cut from two plywood panels were immersed in water at 63 C for 3 h and then placed under ambient conditions for 10 min before wet shear strength testing. The dry shear strength of the twelve plywood specimens was directly measured without the soaking treatment.
The bonding strength of the plywood specimens was determined using a mechanical testing machine (CMT6203, Xin San Si Materials Company, Shenzhen, China) operating at a speed of 5.0 mm min
À1
. The force N required to break the glued area was determined. The bonding strength was calculated from eqn (2) . The reported bonding strength data were the average of the twelve parallels for each plywood specimen.
Bonding strength ðMPaÞ ¼ tension force ðNÞ gluing area ðm 2 Þ (2)
Fourier transform infrared (FTIR) spectroscopy test
The adhesive samples were cured in an oven at 120 C until an invariable weight was achieved and milled into a powder. The FTIR spectra of the cured adhesive samples were obtained using a Nicolet 6700 spectrometer (Thermo Nicolet Corporation, Madison, WI) in the range from 500 to 4000 cm À1 and scanned 32 times at a 8 cm À1 resolution.
Thermogravimetric (TG) measurement
The adhesive samples were cured in an oven at 120 C until an invariable weight was achieved and milled into a powder. The thermal stabilities of the cured adhesive samples were analyzed by a TGA instrument (TA Q50, Waters Company, USA). Approximately 5 mg of the cured adhesive samples was loaded in the pan and heated from 40 to 600 C at a rate of 10 C min À1 under a nitrogen environment.
Scanning electron microscopy (SEM) test
The adhesive samples were cured in an oven at 120 C until an invariable weight was achieved. The surface structure of the cured adhesive samples was observed using a QUANTA FEG 250 scanning electron microscope (FEI Company, Hillsboro, USA). The surface was sputter coated with gold prior to examining it using a microscope.
3 Results and discussion
Solid content and pH value of the sesame protein-based adhesives
Solid content is a fundamental physical parameter for a wood adhesive that inuences the adhesive performance during the hot-pressing process. In general, a lower solid content in the adhesive indicates that the larger water content needs to be removed from the adhesive, which has a detrimental effect on the hot-pressing process. 29 However, the exorbitant solid content of the adhesive results in a more difficultly in the coating procedure where the adhesive cannot be well-distributed; this causes a rapid decrease in the water resistance of the adhesive. The average value of the solid content of USP/ZUSP adhesives was calculated from three parallel samples and is shown in Fig. 1 . The solid content of the sesame protein adhesives increased gradually from 23.46% to 25.02% when the ZnO content increased from 0 to 20%. This behavior was attributed to one reason that more addition of ZnO in ZUSP adhesives led to a high solid content.
The pH of the protein adhesive is important for the production process of plywood, which can easily change the color of the wood veneer in the hot-pressing process. The pH value of the USP/ZUSP adhesives is shown in Fig. 1 . The pH value of the USP adhesive was 7.26. Aer introducing ZnO, the pH value of the ZUSP adhesives maintained at around 9. ZnO is an alkaline substance, and the pH value increases when the addition amount of ZnO is increased from 4 to 20%.
Apparent viscosity measurement
The apparent viscosity of the USP/ZUSP adhesives is shown in Fig. 2 , and the initial viscosity of the USP/ZUSP adhesives is presented in Table 1 . With the shear rate increasing from 0.01 to 100 s À1 , the apparent viscosity of the USP/ZUSP adhesives decreased. This phenomenon indicated that the USP/ZUSP Fig. 1 The solid content and pH value of the USP/ZUSP adhesives. adhesives belonged to shear thinning uid. When the addition amount of ZnO was increased from 0 to 16%, the initial viscosity of the ZUSP adhesives decreased from 71 560 to 8520 mPa s. This behavior was due to the following reasons: urea destroyed the globular structure of the sesame protein into small molecular chain protein and led to high viscosity; the chelation reaction between ZnO and the small molecular chain protein, which formed a regular structure, decreased the viscosity of the ZUSP adhesives; and the salting-in occurred with a low concentration of ZnO decreased the viscosity of the ZUSP adhesives with the increase in the addition amount of ZnO addition from 0 to 16%. Moreover, the size of the ZUSP adhesives gradually decreased with the increase in the ZnO addition amount from 0 to 16% that was observed in SEM (Fig. 7) . However, when the ZnO addition amount was increased to 20%, the viscosity of the ZUSP adhesive increased to 20 120 mPa s. This result showed that the chelation reaction between ZnO and protein was saturated, and the viscosity was increased with more ZnO addition. However, the adhesive with a high viscosity would decrease the owability; this would cause more difficultly in the coating process.
2 Therefore, the addition amount of ZnO should not be too high.
Bonding strength of the sesame protein-based adhesives
The bonding strength of the USP/ZUSP adhesives is shown in Fig. 3 . For the USP adhesive (0% ZnO), the dry shear strength was 1.37 MPa. As the ZnO addition amount increased from 4 to 12%, the dry shear strength increased from 2.11 MPa to 2.47 MPa, which increased from 54.0% to 80.3% compared with the USP adhesive. Upon further increasing the ZnO addition amount to 20%, the dry shear strength decreased by 11.3% to 2.19 MPa as compared to 12% for the ZUSP adhesive, but was still better than that of the USP adhesive. The wet shear strength of the USP adhesive without ZnO was 0.40 MPa, which failed to achieve the required value for interior use ($0.70 MPa) in accordance with the China National Standard (GB/T 9843. . This behavior was attributed to one reason. Urea is a denaturing agent that can break the secondary structure of the sesame protein via the reaction between the oxygen and hydrogen atoms of urea and hydroxyl group of protein, which breaks down the hydrogen bonding of protein and forms a much small molecular chain protein; this leads to low water resistance of the USP adhesive. As shown in Fig. 1 , the wet shear strength of the ZUSP adhesive with 4% ZnO increased by 97.5% to 0.79 MPa, which reached the required value for interior use. By increasing the content of ZnO to 8%, the wet shear strength of the ZUSP adhesive increased by 152.5% and reached a maximum value of 1.01 MPa. Upon further increasing the content of ZnO in the adhesives, the wet shear strength of the ZUSP adhesive with 20% ZnO decreased by 37.6% to 0.63 MPa, which failed to achieve the required value for interior use as compared to 8% for the ZUSP adhesive. These behaviors were attributed to the following reasons. The chelation between zinc ion and -NH 2 of the sesame protein might be the main reason for the improvement of the water resistance, which acted as a bridge to connect ZnO and protein like a network structure that prevented moisture intrusion. However, increase in the content of ZnO from 12 to 20% did not further enhance the wet shear strength of the ZUSP adhesive because of the excessive addition of ZnO. Therefore, the adhesive with a high solid content and low viscosity would lead to an over-penetration into the wood and low water resistance.
FTIR spectroscopy measurement
The FTIR spectra of the USP/ZUSP adhesives is shown in Fig. 4 . The peaks observed at 3448 and 3352 cm À1 were attributed to the bending vibrations of free and bound O-H and N-H groups, which could form hydrogen bonds with the carbonyl group of the peptide linkage in the protein, respectively; this was conrmed by Mandal, A. B. by examining NMR experiments through the plots of changes in the chemical shis as a function of temperature. 30 The key absorption peaks of the USP/ZUSP adhesives were located at 1668 and 1624 cm À1 , which were Fig. 3 Bonding strength of the USP/ZUSP adhesives. Fig. 4 FTIR spectra of the USP/ZUSP adhesives. respectively. However, a new absorption peak was observed at 2215 cm À1 in the FTIR spectra of the ZUSP adhesives, which could be attributed to the stretching vibration of the ring structure. The result showed that chelation reaction occurred between USP adhesive and ZnO. With the increase in the addition amount of ZnO from 0 to 20% in the adhesive, the peak observed at 2215 cm À1 gradually increased; this was due to the chelation reaction between ZnO and the -NH 2 groups and -COOH groups of the sesame protein molecules. The sesame protein with two or more donor atoms (called polydents) could bind with a zinc ion within its electronic dents or claws by electron sharing between zinc ion and ligand (-NH 2 , -COOH) and form a stable ring structure that improved the water resistance. The likely reaction mechanism is presented in Fig. 5 .
TG analysis
The thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of the cured USP/ZUSP adhesives are shown in Fig. 6 . The thermal degradation process of the cured adhesives could be divided into four stages. In the rst stage (I), the evaporation of residual moisture in the cured adhesives resulted in a small weight loss in the temperature range from 40 C to 145 C. The second stage (II) was related to the degradation of small molecules from sesame protein that were broken by urea and the breakage of unstable chemical bond in the temperature range from 145 C to 250 C. Compared with the ZUSP adhesives, the USP adhesive showed a strong peak (derivative weight) in the second stage, and the residual weight of the USP adhesive in stage (II) was 49.2% that was less than that of the ZUSP adhesives with 4-20% added amount of ZnO (51.9, 58.4, 58.3, 62.1, and 66.3%); this indicated that the process of urea modication produced more unstable chemical bonds and small molecules that presented a low water resistance. The third stage (III) was associated with the decomposition of the skeleton structure of the sesame protein in the temperature range from 250 C to 370 C. During this stage, the protein backbone was absolutely decomposed and released all kinds of gases including CO 2 , CO, and NH 3 . 31 The peak (derivative weight) in stage (III) decreased with the increasing ZnO addition amount in ZUSP adhesives; this indicated that the main structure of the ZUSP adhesive changed as the ZnO addition amount increased. With an increase in the ZnO addition amount from 4 to 20% in the ZUSP adhesives, the nal weight loss in stage (III) increased from 25.9% to 41.6%. The fourth stage (IV) was attributed to the decomposition of the cross-linking substance (the ring structure) between the -NH 2 from the sesame protein and zinc ion with chelation in the temperature range from 370 C to 540 C.
Longtime urea modication could unfold sesame protein structure and expose more active groups such as -NH 2 and -COOH, which were responsible for the chelation reaction. The ring structure formed by the chelation reaction has high thermal stability that improves water resistance. In this stage, the thermal degradation behavior showed a signicant difference with and without ZnO. The ZUSP adhesives had a weak peak (derivative weight) in this stage as compared to the USP adhesive, which had higher water resistance than the USP adhesive because of chelation. Finally, the residual weight of the adhesive with an increase in the ZnO addition amount from 0 to 20% was 11.9, 16.3, 21.8, 23.0, 28.1, and 28.7%, which indicated a better thermal stability of the ZUSP adhesive with the formation of nanomaterials.
SEM analysis
The fracture surface of the cured USP/ZUSP adhesives observed by scanning electron microscopy is presented in Fig. 7 ; the fracture surface of the cured USP adhesive (0% ZnO) had a large number of holes and cracks and it also appeared very loose and disordered due to moisture vaporization during the hot-press process. Thus, the water resistance of the USP adhesive was low as compared to that of the ZUSP adhesives. Aer ZnO was introduced, the holes and cracks disappeared and the fractured surface of the cured ZUSP adhesives was more compact. These results showed that ZnO might ll the holes and cracks of the USP adhesive and cause the chelation reaction between itself and the USP adhesive that effectively prevented moisture penetration to improve the water resistance. In the ZUSP adhesive with 8% added amount of ZnO, the fracture surface was ordered and rough such that it could easily combine with the rough surface of wood specimens, and this behavior resulted in high water resistance as compared to that of other ZUSP adhesives. With an increase in the ZnO addition amount to 20%, the fracture surface of the cured adhesive was smoother than that of other cured ZUSP adhesives; this decreased the bonding capacity between adhesive and wood specimens, but it was still better than that of the USP adhesive. Therefore, ZnO improved the water resistance of the ZUSP adhesive.
Conclusions
The solid content of ZUSP adhesives gradually increased and the pH value maintained at around 9 when ZnO was added; the apparent viscosity of the ZUSP adhesives showed an increasing trend. In view of wet shear strength, the optimum addition amount of ZnO was 8%. The wet shear strength of the ZUSP adhesives remarkably increased when ZnO was introduced. The wet shear strength of the ZUSP adhesive with 8% ZnO increased by 152.5% as compared to that of the USP adhesive, which achieved the required value for interior use ($0.70 MPa) in accordance with the China National Standard (GB/T 9843. . Based on the FTIR spectra, the chelation reaction occurred between the USP adhesive and ZnO that might improve the water resistance. The TGA showed that the thermal stability of the ZUSP adhesives was better than that of the USP adhesive. The SEM images suggested that the fracture surface of the ZUSP adhesive was more compact as compared to that of the USP adhesive. Our research results suggest that the sesame protein extracted from sesame meal would be a new renewable material to be used as a low-cost and high-performance adhesive in the plywood industry.
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